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Simulation of carbon dioxide (CO2) at hourly/weekly intervals and fine vertical resolution at the conti-
nental or coastal sites is challenging because of coarse horizontal resolution of global transport models.
Here the regional Weather Research and Forecasting (WRF) model coupled with atmospheric chemistry
is adopted for simulating atmospheric CO2 (hereinafter WRF-CO2) in nonreactive chemical tracer mode.
Model results at horizontal resolution of 27 × 27 km and 31 vertical levels are compared with hourly CO2
measurements from Tsukuba, Japan (36.05◦N, 140.13oE) at tower heights of 25 and 200 m for the entire
year 2002. Using the wind rose analysis, we find that the fossil fuel emission signal from the megacity
Tokyo dominates the diurnal, synoptic and seasonal variations observed at Tsukuba. Contribution of
terrestrial biosphere fluxes is of secondary importance for CO2 concentration variability. The phase of
synoptic scale variability in CO2 at both heights are remarkably well simulated the observed data (corre-
lation coefficient >0.70) for the entire year. The simulations of monthly mean diurnal cycles are in better
agreement with the measurements at lower height compared to that at the upper height. The modelled
vertical CO2 gradients are generally greater than the observed vertical gradient. Sensitivity studies show
that the simulation of observed vertical gradient can be improved by increasing the number of vertical
levels from 31 in the model WRF to 37 (4 below 200 m) and using the Mellor–Yamada–Janjic plane-
tary boundary scheme. These results have large implications for improving transport model simulation
of CO2 over the continental sites.
1. Introduction
Simulation of high-frequency measurements of CO2
at hourly/weekly timescales around a complex ter-
rain or diverse ecosystem is challenging for the
coarse resolution global chemistry-transport mod-
els (CTMs), typically with horizontal resolutions
of 1◦× 1◦ and only a few vertical layers in the first
1 km from the earth’s surface. Further, the spatial
and temporal resolutions of surface fluxes used in
global CTMs are coarser than that is required for
realistic representation of the continental or coastal
measurement sites. Thus, understanding of the lim-
itations of forward transport model simulation of
CO2 at hourly to synoptic timescales, has attracted
considerable interest in recent times (e.g., Law
et al. 2008; Patra et al. 2008). Because the model–
observation data mismatch is one of the main
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Figure 1. The model domain with terrain height in meter (colour bar used) is represented. The CO2 observation station at
Tsukuba (marked by Ts) and megacity Tokyo (marked by To) are shown in the inset.
factors involved in the inverse modelling of sources
and sinks at the earth’s surface, setting up of the
best possible a priori concentration simulation sys-
tem is critical for the success of an inverse modelling
system (Tolk et al. 2011; Peylin et al. 2011). The
quality of forward simulations depends to a large
extent on our ability to represent the heterogene-
ity of surface fluxes and model transport behaviour
around the site (Tolk et al. 2008). Recent studies
using regional chemistry models have successfully
relaxed the limitation in model horizontal resolu-
tion and account for the heterogeneity in the sur-
face fluxes, and thus resolving the fine structures
in CO2 concentration variation over the Western
European continents (e.g., Sarrat et al. 2009; Pillai
et al. 2011; Vogel et al. 2013), American continents
(Freitas et al. 2009; Corbin et al. 2010; Moreira
et al. 2013), East Asian region (Ballav et al. 2012)
and Mediterranean Sea (Palmie´ri et al. 2015).
CO2 measurements at tall towers (200–400 m
height from surface) over land show large changes
in concentrations along the vertical as strong
signals from net uptake (dominated by photo-
synthesis) during the summer days, net release
(dominated by respiration) during the night and
anthropogenic emission, are mixed and propa-
gated into the atmosphere through the planetary
boundary layer (PBL) (e.g., Bakwin et al. 1995;
Denning et al. 1995; Haszpra et al. 2012). The pho-
tosynthesis/respiration and the mixing height (MH)
of trace gases are the function of solar radiation and
are correlated to each other (Seibert et al. 1998).
The synthetic experiment of minimizing MH error
by Kretschmer et al. (2012) found ∼25–30% uncer-
tainty in simulated MH during day time over land.
Gerbig et al. (2008) showed uncertainty in MH
produces 3 ppm error on forward transport model
which inter-generates 30% uncertainty in estimated
CO2 flux. Using optimized MH (Kretschmer et al.
2014) in CO2 transport simulation, the model bias
reduces 5–45% in day time and 60–90% in night
time. Pillai et al. (2011) carried out their study
at a tower over Ochsenkopf mountain top in Ger-
many surrounded by valleys and hills, and also
used a regional model (Ahmadov et al. 2007) to
validate their observed data. The mountain val-
ley circulations and terrain induced up-down slope
circulations greatly influence the diurnal variation
of CO2 concentration at Ochsenkopf. Smallman
et al. (2014) investigated the contribution of
ecosystem-specific net CO2 uptake/release tracers
to the tall tower signal in Scotland by simulat-
ing the coupled numerical weather model WRF-
SPA (Weather Research Forecasting model and
Soil–Plant–Atmospheric Model) for 3 years. Miles
et al. (2012) considered CO2 concentration variation
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at nine-towers regional networks during North
American Carbon Program’s Mid-Continent Inten-
sive in 2007–2009. They could explain the monthly
concentration variation at the tower sites on the
basis of the influence of different biomes like corn,
soy, grass and other forest vegetation over the
region. The monthly averaged gradients in CO2
over the central USA region were tied to regional
patterns in net ecosystem exchange. Ballav et al.
(2012) found that the daily scale variations in CO2
at several sites in the East Asia region are governed
by local environmental condition, local weather
and large scale weather patterns.
We are extending the study by Ballav et al.
(2012) to a tower site at Tsukuba, located 60
km northeast of central Tokyo, Japan, which may
be categorized as a semi-urban site. To under-
stand the orography of the area surrounding the
tower, a local map is given with terrain height
(figure 1). Almost 60% of the land in Japan
are national parks or reserved forests and about
10% of the whole country population resides in
and around Tokyo, leading to a complex mix-
ture of strong CO2 emissions/sinks, in and around
Tsukuba. Prompted by these challenges, we have
attempted to simulate CO2 concentrations over the
East Asia region using the WRF-CO2 model devel-
oped at Jadavpur University, India in collaboration
with Research Institute of Global Change/Japan
Agency for Marine-Earth Science and Technol-
ogy (RIGC/JAMSTEC) (Ballav et al. 2012). CO2
and meteorological measurements at the site are
being made by Meteorological Research Institute
(MRI), Tsukuba, Japan. Our aim is to simulate
the vertical profile of CO2 at the Tsukuba tall tower.
This is to test the limitations of a regional trans-
port model in more complex environment unlike
the previous analyses being carried out for remote
locations with diverse environmental characteris-
tics (Ballav et al. 2012). In particular, a more
complex issue, i.e., the vertical propagation of CO2
concentration is addressed here. Apart from anal-
ysis of the year-long control simulations, sensitiv-
ity runs by changing the vertical resolution of the
model and using a different PBL parameterization
scheme have been performed towards improving
the model transport.
2. Descriptions of WRF-CO2 model
and Tsukuba tower measurements
The descriptions of Weather Research and Fore-
casting model’s dynamical core coupled with atmo-
spheric chemistry (WRF-Chem) formulation can
be found in Grell et al. (2005). The fundamental
setup of the WRF modelling domain and parame-
terization selections are essentially similar to those
described earlier (Takigawa et al. 2007; Ballav
et al. 2012). As stated in the previous section, the
tracer transport component for CO2 simulations
has been newly developed by two research groups.
The domain of WRF-CO2 extends from ∼101◦E in
the west to ∼165◦E in the east, and ∼18◦ to ∼51◦N
along the south–north, with the center at 133◦E,
35◦N in the Lambert Conformal coordinate system.
The horizontal resolution of the domain and the
vertical levels remain the same as in the previous
study (Ballav et al. 2012). Tsukuba is nearly 5 km
from a nearest grid point of our model.
Emissions due to fossil fuel over the entire
domain have been utilized from TransCom3 exper-
iment (Law et al. 2008; Patra et al. 2008; referred
to as FS) or Emission Database for Global Atmo-
spheric Research (EDGAR; Olivier and Berdowski
2001). The archive of EDGAR (http://edgar.jre.ec.
europa.eu/archived datasets.php) version 3.2 has
1◦× 1◦ resolution, which is coarser compared to the
horizontal resolution of WRF-CO2 model.
The Carnegie–Ames–Stanford Approach (CASA)
model simulated 3-hourly mean data (being
referred as CH) for terrestrial biological activity,
are used at 1◦× 1◦ horizontal resolution, which is
again sufficiently poor, if we consider the land use
pattern (Olsen and Randerson 2004 and references
therein). The oceanic exchanges (OC) at 4◦×5◦
resolution are taken from Takahashi et al. (2002).
All these fluxes are converted to WRF model grid
using 5-point stencils before the transport simula-
tion experiment. It should be pointed out that poor
resolution flux data is used in the present work,
in comparison with the resolution of the regional
model (27×27 km). In fact, we have fossil fuel flux
data of much higher resolution (0.1◦× 0.1◦) from
EDGAR4.0, but not used here because terrestrial
ecosystem fluxes with matching resolution are not
available.
The initial and boundary conditions (IC/BCs)
for CO2 concentration are used from the global
atmospheric general circulation model (AGCM)-
based Chemistry-Transport Model (ACTM) (Patra
et al. 2008; Law et al. 2008) and the IC/BCs
for meteorological parameters are used from the
National Centers for Environmental Prediction
(NCEP) final analysis data (Ballav et al. 2012).
Tsukuba tower has six levels (i.e., 10, 25, 50,
100, 150, 200 m) for observation of meteorological
parameters, but CO2 concentration is available at
three levels only, i.e., at 1.5, 25 and 200 m, respec-
tively. However, 1.5 m observation cannot be used
because of coarse resolution of the model. Concen-
tration data at each level was acquired at 18 min
interval (1 min for signal integration and 5 min for
switching and replacing the gas in the sample line
at each tower level) and 1-hourly averaged values
are calculated from 2–4 data points at each level.
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Table 1. Pearson moment correlation coefficients of simulated CO2 concentrations
and various tracer components like fossil fuel emission, biogenic and oceanic with the
observed daily variability at the Tsukuba tower. The normalized standard deviations
(NSDs) are given within parenthesis. NSD is defined as model standard deviation to
observed standard deviation. Model offset for FS+CH+OC tracer is 375 ppm, and bias
is calculated as average of model-observation. In the first column left height represents
for observation and the right one for model.
Height (m) FS+CH+OC FS CH OC Bias
All months of 2002
25–45 0.72 (0.69) 0.73 (0.70) –0.09 (0.14) 0.00 (0.04) –0.07
200–120 0.71 (0.57) 0.76 (0.56) –0.12 (0.21) 0.07 (0.06) –0.37
200–220 0.57 (0.41) 0.69 (0.37) –0.13 (0.21) 0.07 (0.06) –2.62
January–March 2002
25–45 0.70 (0.77) 0.74 (0.77) –0.20 (0.14) –0.11 (0.04) –0.08
200–120 0.63 (0.66) 0.78 (0.63) –0.29 (0.21) –0.10 (0.06) –0.48
200–220 0.45 (0.45) 0.73 (0.39) –0.33 (0.22) –0.10 (0.06) –2.98
April–June 2002
25–45 0.78 (0.78) 0.78 (0.77) –0.02 (0.20) 0.29 (0.05) 1.31
200–120 0.76 (0.54) 0.73 (0.53) –0.02 (0.21) 0.30 (0.06) –0.78
200–220 0.62 (0.42) 0.64 (0.38) –0.03 (0.20) 0.31 (0.06) –2.41
July–September 2002
25–45 0.77 (0.72) 0.77 (0.73) –0.05 (0.15) 0.07 (0.02) –0.30
200–120 0.77 (0.53) 0.78 (0.53) –0.01 (0.19) 0.16 (0.03) –1.80
200–220 0.71 (0.41) 0.75 (0.38) 0.05 ( 0.19) 0.17 (0.03) –3.79
October–December 2002
25–45 0.65 (0.59) 0.67 (0.60) –0.13 (0.11) –0.07 (0.04) –1.27
200–120 0.66 (0.57) 0.77 (0.58) –0.26 (0.22) –0.05 (0.09) 1.61
200–220 0.37 (0.34) 0.65 (0.32) –0.34 (0.22) –0.05 (0.09) –1.29
The basement of the tower usually remains covered
with dense grass, easily growing in thin organic clay
soil, and the tower is surrounded by deciduous and
coniferous trees (Inoue and Matsueda 2001). The
temperature drops to 3◦C in January and the aver-
age surface temperature of the site area increases
to 23◦C in August. On the other hand, the monthly
mean precipitation amount exceeds 100 mm from
April to October.
The four lowermost η levels near the ground are
at 1.0, 0.993, 0.980 and 0.966. The model gives
output of CO2 concentration at the staggered
levels located at the middle of two consecutive η
levels. Here, CO2 concentration outputs at the first
and second staggered levels (around 45 and 120 m
heights respectively) are matched with 25 and
200 m vertical height observation, though the
next staggered level at 220 m is closer to 200
m. The reason for such choice is to have bet-
ter matching of the concentrations between 120
m of model height and 200 m of observed height.
This clearly points to poor vertical propagation
of CO2 concentration in the model. When com-
parison is made between 220 m of model height
and 200 m of observed height, correlation coeffi-
cient (CC), normalized standard deviation (NSD)
and diurnal amplitude show significant deviations
from the observations (table 1), which is consistent
with the observations made in TransCom3 contin-
uous analysis (Law et al. 2008). The model is run
from 1 January, 2002 (0000 UT) to 31 December,
2002 (2400 UT), while first 5 days of the simula-
tion are considered as model spin-up and left out
of the statistical analysis.
3. Results and discussion
3.1 Seasonality of meteorology
at Tsukuba tower site
The observed wind rose patterns at 25 and 200 m of
the tower levels for four seasons of the year 2002 are
plotted in figure 2. In general, the horizontal winds
are more organized at 200 m, which is located
above the canopy height top, if compared with
those near the ground at 25 m. As Tokyo is located
south to southwest (S–SW) of Tsukuba, southwest-
erly to southerly winds are expected to transport
very strong anthropogenic emission signals (high
concentration) from Tokyo area to Tsukuba, north-
westerly (NW) wind will bring signals from highly
variable terrestrial ecosystem exchange, and east-
erly wind will bring background air representing
the Pacific Ocean.
Let us now describe the transport situation from
Tokyo region in different seasons. The westerly
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Figure 2. Observed wind distributions at Tsukuba are provided for different seasons of the year 2002. January–March
(JFM), April–June (AMJ), July–September (JAS) and October–December (OND) are the four seasons. While (a, c, e and
g) stand for 25 m height, (b, d, f and h) for 200 m height. Wind speed is given by different colour codes, yellow (0–1.5),
orange (1.5–3.0), green (3.0–5.0), cyan (5.0–8.0), blue (8.0–10.0) and red >10.0. All measurements are made in m/s. The
bigger circle provides the maximum frequency of occurrence in time.
wind at 25 m height is most dominant during
winter season (January–March), and SW or southerly
winds are infrequent. The SW wind is most fre-
quent at 200 m, along with significant southerly
and small frequency of westerly wind (figure 2b).
During the spring season (April–June) (figure 2c,
d), southerly winds are sometime observed both
at 25 and 200 m heights along with small fre-
quencies of SW or westerly. During the summer
season (July–September; figure 2e, f), winds are
dominantly southerly. Westerlies are sufficiently
dominant at 25 m height (figure 2g) in the autumn
season (October–December), whereas SW wind
dominates at 200 m height (figure 2h).
3.2 Day–night variation of model CO2
in association with wind circulation
The general features in CO2 concentration distri-
bution and wind pattern ofWRF-CO2 model at 45 m
vertical level with the Tsukuba tower site at the
center are depicted in different panels of figure 3
for a day in winter and two days in summer respec-
tively. While the first panel stands for 15 January,
2002, those in the second and third panels are for 29
June, 2002 and 31 July, 2002 respectively. For the
summer season, we choose two days with different
features. While, 29 June, 2002 falls within a period
when the CO2 concentration was low over a stretch
of some days; 31 July, 2002 is a particular day of
the year at Tsukuba when the observed concentra-
tion rose to an unusually high value of above 480
ppm at 0300 Japan Standard Time (JST=UT+09
hours). This is incidentally the highest concentra-
tion observed at Tsukuba during the summer sea-
son of 2002. Each panel on the left column is for
0300 JST and that on the right column is for 1500
JST.
The emissions from Tokyo due to fossil fuel burn-
ing are seen as hotspot in figure 3(a, b) with CO2
concentrations exceeding 400 ppm, while the back-
ground concentration over the other parts of the
country and the sea on either side of the Japan
Islands are in the range of 370–380 ppm. During
winter (January), the terrestrial biosphere acts as
net source of CO2, both during day and night, and
the boundary layer depth does not change much,
giving rise to relatively uniform concentration dis-
tribution. The wind pattern has a front at the
north-west corner of the domain and a high pres-
sure zone on the east of the landmass at 0300 JST
on 15 January, 2002. The wind is strong on the
south of the front, which travels southward at least
by 3◦ in the next 12 hrs (i.e., at 1500 JST). The
winds around Tsukuba are more organized and
stronger in the afternoon.
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Figure 3. Latitude–longitude distributions of simulated WRF-CO2 (FS+CH+OC) concentration and wind are provided at
the model level 1, with the Tsukuba Tower site at the center (marked by T). Typical day- and night-time conditions are
presented for a chosen date during the boreal winter (15 January 2002) and 2 days in summer season (29 June and 31 July,
2002).
Next, we consider the CO2 concentration and
wind pattern distribution over the domain on 29
June, 2002 (figure 3 c, d). In summer, the biolog-
ical fluxes consist of overall strong drawdown of
carbon during day (1500 JST) and dominant het-
erotrophic respiration during the night (0300 JST),
and in its wake, day time concentration at level
1 of the model gets largely depleted, whereas the
night time concentration are elevated over the land
areas. At night time, the fossil emission from the
city hotspots also remain trapped in the stable
boundary layer which has much lower depth, to
give larger concentration. The wind pattern during
the day and night does not undergo much change.
The general concentration pattern over day and
night respectively does not differ much on 31 July,
2002 (figure 3 e, f) from those of 29 June, 2002,
except that the high concentration prevails over
large part of the Japanese landmass at 0300 JST.
Southwesterly (SW) wind prevails over the south-
ern half of the country, though the modelled winds
are lower than 8 m/s. In fact, the wind pattern does
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Figure 4. Time series of measured (at 25 and 200 m tower heights) and WRF-CO2 simulated concentrations (at 45 and
120 m heights). The bottom figure stands for the lower height and the top one is for the upper height.
not undergo much change during day and night,
except in the northeast part of the domain.
3.3 Comparison of observed and simulated CO2
concentration at Tsukuba tower site
The observed and simulated CO2 concentrations,
averaged at daily interval, are presented in figure 4
for the entire year for the two heights of the
Tsukuba tower. Simulated concentrations are con-
sidered for the tracer combination of FS+CH+OC.
The observed concentration is low during July to
September in general due to strong drawdown of
CO2 by terrestrial vegetation during boreal sum-
mer. The patterns of variation for measured as
well as modelled concentration are not much differ-
ent at two heights. This is reflected by high value
of CC between the two products at each season
(table 1).
The annual as well as seasonal correlations
at different matching heights are presented in
table 1. The CCs are evaluated for deseasonal-
ized time series obtained using a filtering technique
(Nakazawa et al. 1997). Correlations of individual
tracers, FS, CH and OC, with the observed con-
centration, are also included in the table. CC of all
tracers combined in table 1 are found to be high
(CC ≥ 0.71, when the entire year is considered), if
the matching of 220 m of model height with 200
m of observed height is not considered. In the sec-
ond case, it falls to ≥0.57. The correlations are 1%
significant following Student t-test (i.e., holds in
99% cases) with at least 85 data points. This shows
that the model can capture the phase of the con-
centration variations statistically significant with
the present choice of comparison and control sim-
ulation case. The summer-time CCs are, in gen-
eral, higher compared to winter-time CCs, as the
daily fluctuations in winter concentration are high,
which cannot be captured by the model (may be
noted in figure 4).
Table 1 shows that the correlation of observed
CO2 with FS tracer component only, has a high
value, almost comparable to that of the tracer com-
bination FS+CH+OC. This clearly points to the
dominance of fossil emission transport in CO2 con-
centration variations at the Tsukuba tower site.
Obviously, the negative value of CC for CH tracer
lowers the same for the combination. This will be
further discussed in section 3.5 from the viewpoint
of the diurnal cycle.
It may be mentioned here that in case of
global ACTM simulations, the synoptic or shorter
scale variations do not show good correspondence
with the measured variability as expected, because
Tokyo and Tsukuba cities fall within one horizontal
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Figure 5. Observed and simulated parameters during a low CO2 concentration episode from 0000 JST, 17 June, 2002 to
0000 JST, 3 July, 2002. Panels (a, b) stand for CO2 concentration in ppm, (c, d) for temperature in
◦C. While the left
figures (a, c) provide the observed quantities, the right figures (b, d) provide simulated values. On the left panels (a, c),
two observation heights of 25 and 200 m and on right panels (b, d) two simulated heights of 45 and 120 m are considered.
grid cell of most global models. Higher resolution of
the regional model can separate the two locations
at two completely different grid cells that brings
out different output characteristics. Thus, a finer
model resolution improves the simulation. Further
improvement is possible if input flux data also have
matching resolution with that of the WRF-CO2
model and the WRF nested grid is implemented
for zooming over smaller region, say only over the
Kanto plain (Takigawa et al. 2007). We have cho-
sen to run the model for one full year, and because
of coarse resolution of input fluxes, the nesting
capability is not implemented in the present study.
On the other hand, the NSDs, which are the ratio
of the model standard deviation to the observed
standard deviation, are always less than unity.
So, the model gives less fluctuation compared to
what is observed. NSDs are higher at 25 m height
compared to that at 200 m height, though the
difference appreciably reduces in the months of
October–December. During these months, the ver-
tical mixing is much better as will be shown
in section 3.4; this apparently leads to closer
NSD value at the two heights. Comparison of
the model concentration at 220 m and observed
concentration at 200 m shows that NSD value
has sharp fall. This again points to poor verti-
cal propagation of the concentration up to 220 m
height.
We first adjust an offset for the model CO2
results at 45 m with observed concentration at
25 m for the entire 2002 and then calculate bias
in simulated concentrations with respect to obser-
vations. The offsets are maintained at constant
value for all model levels with tracer combination.
If the model bias is evaluated taking the differ-
ence of average of model to observed concentration,
analysis of average model bias at different heights
(table 1) shows that negative bias increase with
height if the entire year is considered. Results for
the winter, spring and summer seasons are consis-
tent with those for the entire year average. The
model-observation bias is positive for 120 m model
vs. 200 m observation in autumn, but the biases for
45 and 220 m models are consistent if an offset of
about –1.27 ppm is ignored or the offsets are cor-
rected for different seasons separately. Because the
terrestrial biosphere fluxes are not optimized for
this study, the CO2 seasonal cycle amplitudes are
not very well compared with observed amplitude
(ref. the biases for the lowermost layer for different
seasons in table 1).
Figure 4 shows that the observed CO2 concen-
tration has low value from some hour of 20 June to
1 July, and it oscillates around 380 ppm. The concen-
tration and temperature at the two heights during
the period 0000 JST, 17 June –0000 JST, 3 July are
shown for clarity in separate figures (figure 5a–d).
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Figure 6. Observed and simulated parameters from 1200 JST, 29 July, 2002 to 1200 JST, 1 August, 2002 around a sharp
concentration rise event. While panels (a, b) stand for CO2 concentration in ppm, (c, d) for temperature in
◦C. Left figures
(a, c) provide the observed quantities and the right figures (b, d) stand for simulation. In each figure, two heights are
considered, i.e., 25 and 200 m for observation, and 45 and 120 m for model.
The diurnal variation was significantly less even
at 25 m height and it was further less at 200 m
height (figure 5a). The diurnal variation almost dis-
appeared on 22–23 June at both the tower heights.
During the entire period, the wind came mainly
from the sea and this might be one of the impor-
tant reasons for such a low concentration regime
(the same may also be seen from figure 3c and d).
Apart from that, the observed vertical temper-
ature gradient was considerably negative through-
out this period, during day and night and many
a time it was more than the adiabatic lapse rate
(figure 5c), which resulted in thermal instability
and it helped to reduce the lower level concen-
tration to a significant extent. The observed con-
centration is close-by at both the levels following
the usual characteristics of a convective mixed
layer (figure 5a). There exists considerable model–
observation mismatch in this case. Uncertainties
associated with too strong FS emissions or too
weak diurnal cycle in CH fluxes may contribute to
this mismatch. The model can simulate well the low
concentration of 380 ppm at 200 m height, but the
simulated concentration has strong diurnal oscil-
lation at 25 m height (figure 5b). The simulated
temperatures (figure 5d) at the two levels show
thermal stability, as the potential temperature
shows a positive vertical gradient, which helps
to enhance the simulated concentration at 25 m
height.
Over the period of 17 June to 2 July, the CC
between observed and simulated concentration is
0.72 for 25 m height and the same is 0.69 for 200
m height. On the other hand, NSD at two heights
are starkly different. NSD at 25 m height is 0.92,
which means that the model can simulate the con-
centration variability quite well. But, NSD at 200
m height drops to 0.46 only. This clearly points to
lesser ability of the model in capturing the vertical
propagation of the concentration.
Next, we consider an episode covering 72 hrs, i.e.,
from 1200 JST of 29 July to 1200 JST of 1 August.
The observed concentration rose sharply above 480
ppm at 25 m height close to 0200 JST of 31 July
(figure 6a). The concentration rose steadily from
390 ppm at 1500 JST of 30 July and after reach-
ing the maximum, again fell steadily to slightly
above 430 ppm at close to 0600 JST of 31 July.
In fact, the highest observed concentration of the
summer season occurred at the above-mentioned
time. A number of factors possibly combined to
create the situation. One important factor was
the presence of significant temperature inversion
(figure 6c) over some hours, i.e., from close to 2000
JST of 30 July to close to 0200 JST of 31 July.
Inversion occurred again after 0300 JST almost for
3 hours. The observed wind speed at 25 m height
was light throughout the 24-hr period, which helped
to accumulate the CO2 concentration in a stable
atmosphere and the wind direction also caused
transport from Tokyo region. The wind direction
initially helped to raise the concentration, but a
strong temperature inversion played a more impor-
tant role. When inversion was ruptured at 0200
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JST of 31 July, the concentration also started to
fall. Such inversion was not observed on the other
two days, so the concentration also did not rise to
high value.
The observed concentration at 200 m height rose
close to 470 ppm at the same time of 0200 JST of
31 July. The wind direction at 200 m height was
mostly from the south over 24-hr period. Though
the wind speed was comparatively stronger at this
height, which might cause more mixing between
the two heights, a strong transport possibly helped
to bring sufficient CO2 from the side of a big city.
Another possibility might be local respiration from
large canopies developed in summer.
During 1200 JST, 29 July–1200 JST, 1 August
2002, the simulated concentration (figure 6b) does
not show such strong variability and we concen-
trate our discussion from 1200 JST of 30 July to
1200 JST of 31 July. During this period, the diurnal
cycle shows a peak of nearly 30 ppm only at 25 m
height. The peak has also a time shift to 0600 JST.
The diurnal variability in concentration drops to
only 20 ppm at 200 m height and time has a further
shift at 0700 JST. The simulated temperature has
inversion only from 0100 to 0500 JST. One impor-
tant cause of this low diurnal cycle may be due to
the wind direction being mostly from east side of
south over the period and transport in this situa-
tion is not of much help for enhancing CO2 concen-
tration. It should be pointed out that, in coastal
zones with high emission from nearby sources, a
small shift in simulated wind direction towards the
ocean side would cause large error in simulated con-
centration. Apart from that, biological activity is
strong during summer, but a poor resolution of CH
fluxes in the model may strongly affect the diurnal
cycle.
3.4 Vertical gradient of CO2 concentration
Figure 7(a) presents the average vertical profile of
CO2 concentration in four seasons (JFM: January–
March, AMJ: April–June, JAS: July–September
and OND: October–December), both for observed
as well as simulated data. In case of observed data
of CO2 concentration, there are three levels at 1.5,
25 and 200 m; whereas we have model simulation
output at 45, 120 and 220 m. On the other hand,
there are six levels at 10, 25, 50, 100, 150 and 200 m
for the observation of meteorological parameters.
However, we show only the temperature vertical
profiles in figure 7(b).
Figure 7(a) shows that the maximum gradi-
ent in observed concentration of CO2 occurs in
autumn (OND months) followed by winter (JFM).
Minimum of observed concentration gradient
occurs in AMJ, while those for the JAS months
are slightly above. Model simulation follows
exactly the same order. Strong vertical gradient
for observed data in the layer of 25–1.5 m, cannot
be compared with the model due to lack of verti-
cal layers below 25 m. Further, the terrestrial bio-
sphere fluxes from roots, stems and leaves should
be appropriately distributed for below canopy top
height. Presently no model, to the best of our
knowledge, is capable of such handling of transport
and fluxes within the canopy. The gradients in first
simulated layer (120–45 m) are much less (may go
down to 30% even) in comparison to those of the
first observed layer of 25–1.5 m. A closer look at
figure 7(a) shows that the gradient in OND is less
in simulation compared to what is observed. But,
the situation is reverse in the other three seasons.
So, the model is giving higher vertical mixing in
stable condition of OND.
Figure 7(b) shows the observed and simulated
temperature profiles. In general, all simulated tem-
peratures are close (within 1◦C in most cases, and
occasionally up to 2◦C) to the observed ones for dif-
ferent seasons. In OND months, the observed tem-
perature rises between the first level at 10 m and
the last level at 200 m, apart from a strong tem-
perature rise in 25–50 m layer (by 0.57◦C). This is
probably the main reason why the concentration
gradient is highest in the lowest observed layer.
This is expected in winter. The maximum stability
during OND, gives maximum positive vertical con-
centration gradient. Heterotrophic respiration of
the terrestrial biosphere is significant in this season
during day and night, and this raises the surface
concentration.
In the season of JFM, the observed temperature
rise between the first and the last layers decreases
compared to the previous case. So the overall sta-
bility diminishes, which leads to fall in positive ver-
tical gradient of the concentration. In the case of
other two seasons, the temperature systematically
falls vertically and the rate increases from spring
(AMJ) to summer (JAS). During these two seasons,
concentration gradient is less in the upper layer.
For better understanding of the control of CO2
fluxes and model transport on the CO2 vertical
profiles at the tower site, afternoon (referred as
PM; 13–16 local time) (figure 7c, d) and late night
(referred as AM; 01–04 local time) averages (figure
7e, f) are plotted for CO2 (figure 7c, e) and tem-
perature (figure 7d, f), respectively. Clearly the
rise in CO2 concentration from 1.5 to 25 m dur-
ing the AMJ and JAS months in PM are caused
by the photosynthetic uptake of carbon overtak-
ing the fossil fuel emissions during the day. Since
during the day the PBL is well mixed, as seen
from unstable temperature profiles, the uptake sig-
nal is quickly transferred to higher altitudes and
gets well mixed up to the tower top. During JFM
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Figure 7. Comparisons of measured (plus symbols and solid lines) and simulated (open triangles and broken lines; tracer
combination being FS+CH+OC) vertical profiles of CO2 (left column) and temperature (right column) at Tsukuba, averaged
over four seasons (JFM: January–March, AMJ: April–June, JAS: July–September, OND: October–December). While panels
(a, b) stand for daily average data of CO2 concentration and temperature, respectively; (c, d) for afternoon average (referred
as PM; 13 to 16 local time) and (e, f) for late night average (referred as AM; 01 to 04 local time) of the same products. In
panel (a), the observed concentrations at 200 m height have overlapped in AMJ and OND. In panel (e), the same at 200 m
are approximately equal for JFM, AMJ and JAS.
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and OND months, no significant vertical gradient
is observed across all tower altitudes, indicat-
ing well mixed PBL condition, or the net photo-
synthetic/respiration flux signal is weak in these
months. During the late night (AM), the verti-
cal profile show very strong decrease in CO2 con-
centrations with height in all seasons because of
carbon release by heterotrophic respiration as well
as the fossil fuel emissions. The model simulation
is consistent with the situation in a stable atmo-
sphere. The temperature profiles indicate the pres-
ence of weak to strong inversion layer in three
seasons during the late night, except for the AMJ
months. These features in CO2 and temperature
vertical profiles are captured to a large extent by
the WRF-CO2 model simulations.
3.5 Monthly mean diurnal cycle
of CO2 concentration
Observed as well as simulated (for FS + CH + OC
flux combination) values of monthly mean diur-
nal cycle in different months at hourly interval are
presented for two different heights in figure 8(a–
d), respectively. Figures for the two tower heights
are shown side by side. For the monthly average
diurnal cycle, we have averaged the diurnal cycles
calculated for each day at hourly interval within a
given month.
The average diurnal cycle change at 25 m is sig-
nificantly stronger compared to the corresponding
value at 200 m height (consistent with the obser-
vation of Olsen and Randerson 2004). The maxi-
mum of the cycle in both the heights is observed
in the early morning hours, when boundary layer
is stable and shallow. The value drops around mid-
day due to convection in the boundary layer and
the rise starts again from early evening. The diur-
nal cycle amplitude is deeper in summer (>20
ppm) and much shallower in February–March (8–
10 ppm). The model captures well, the night and
early morning behaviours (figure 8c). Both, high-
est and lowest cycle amplitudes are observed in
August–September. Highest diurnal cycle ampli-
tude in model shifts to July and time is delayed
by a couple of hours compared to the observation.
Minimum in diurnal cycle amplitude is observed in
August at around 1400 local time, but the mini-
mum in simulated cycle occurs at 1600 local time.
Strong change in diurnal cycle with vertical height
before the mid-day is well captured by the model.
Not so strong change in diurnal cycle with verti-
cal height in the evening is also well captured by
the model. In spite of these, deterioration in sim-
ulated value compared to observed magnitude in
the upper level is conspicuous except during some
months of winter. This, in general, points to poorer
vertical propagation of the surface emission signals
in WRF-CO2 model.
When we compare figure 8(e) with 8(c) (both
correspond to 45 m model height) and between
figure 8(f) and 8(d) (for the model height of 120
m), we find that the major contribution to simu-
lated CO2 concentration comes from FS or fossil
fuel burning/transport tracer component. Biogenic
tracer component CH has also been presented at
the two heights in figure 8(g and h). In general,
contribution of CH tracer component to the diur-
nal cycle is much less compared to FS tracer com-
ponent. But CH tracer gives significant emission
variations during summer months, i.e., May to
September at the early morning hours from 0600 to
0800 local time and also significant uptake during
the day (approx. 0900 local time onwards). Accord-
ingly, the contribution of CH tracer to the diurnal
cycle becomes significant during this period.
3.6 Sensitivity tests for model simulation
Sensitivity tests have been confined to 5 days in
summer (29 July–2 August) and 5 days in winter
(16–20 January). While summer situation is pre-
sented in figure 9(a, b, c), the corresponding sit-
uation in winter is given in figure 9(d, e, f). Two
different kinds of sensitivity tests have been per-
formed: (1) by introducing another PBL parame-
terization scheme, and (2) by increasing the model
vertical resolution.
3.6.1 Impact of changing the boundary layer
parameterization scheme
Two most widely used planetary boundary layer
(PBL) parameterization schemes in WRF model
version 3.0.1 are Mellor, Yamada and Janjic (MYJ)
scheme (Mellor and Yamada 1982; Janjic 1994),
and Yonsei University (YSU) scheme (Hong and
Kim 2008). Similar sensitivity studies were per-
formed by Gerbig et al. (2008), Kretschmer et al.
(2012) and Lauvaux and Davis (2014). All the
groups were interested about the development of
mixing height in regional models due to the two
different PBL schemes and their error characteri-
zation. Our study is confined to the lower height
up to 200 m and the vertical gradient of CO2
concentration. The control simulation has been
carried out using MYJ scheme, which is a local
1.5 order turbulence closure scheme. Mellor and
Yamada have argued that the scheme is suitable for
stable and slightly unstable flows; but, when the
flow approaches the free convective limit, transport
errors are expected to increase. On the other hand,
YSU scheme is a first order non-local scheme with
a counter gradient term in eddy diffusion equation.
Simulation of CO2 concentrations at Tsukuba tall tower
(b)(a)
(d)(c)
(f)(e)
(h)(g)
Figure 8. Monthly mean (y-axis) patterns of CO2 diurnal cycles (x-axis: local time of the day in hour) are depicted for the
two different heights in the case of Tsukuba tower. Panels (a, b) stand for the observed height of 25 and 200 m respectively
and panels (c, d) stand for simulated CO2 concentration at 45 and 120 m heights, respectively. Panels (e, g) and (f, h)
stand for FS and CH tracer component contribution respectively at 45 and 120 m heights. Colour bar represents amplitude
of CO2 diurnal cycle in ppm.
When YSU scheme is used in the model with 31
levels (control configuration), the vertical gradient
decreases compared to what is noted with MYJ
scheme. This occurs both in summer (figure 9a)
as well as in winter (figure 9d), showing enhanced
mixing in the case of YSU scheme compared to the
MYJ scheme (Hu et al. 2010; Garcia-Diez et al.
2013 and the references therein). The gradients for
PM average in two schemes are not much different
both in summer as well as winter (figure 9b and e),
due to sufficient mixing within the PBL in daytime.
But the difference is more pronounced in summer
for AM average (figure 9c), when mixing is more
pronounced in YSU. In winter, the mixing in the
model is more than what is observed and YSU
scheme gives excessive mixing (figure 9f). However,
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Figure 9. Comparison of measured (black: observation) and simulated (blue: 31 levels MYJ scheme (control case), red: 31
levels YSU scheme, cyan: 37 levels MYJ scheme) vertical profiles of CO2 concentration at Tsukuba averaged for 5 days in
two extreme seasons namely summer (left panel) and winter (right panel). Panels (a, d), (b, e) and (c, f) present daily
average, afternoon average (referred as PM; 13 to16 local time) and late night average (referred as AM; 01 to 04 local time)
respectively. Standard deviation of 5-day average data is also plotted at each height. Offset of all model results are adjusted
at 45 m height with the observed value at 25 m height.
the simulated concentrations using YSU PBL
scheme are within the ±1-σ of the observed concen-
trations at 200 m. One needs to note that the model
fails to simulate the strong gradients in observed
CO2 at the two lower-most levels (1.5 and 25 m for
observation, and 45 and 120 m for model) from the
earth’s surface indicating excessive vertical mixing
in the case of YSU scheme.
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Figure 10. Schematic diagram of futuristic model improvements for simulating observations at tall tower measurements.
The grey horizontal bar at the bottom defines the interface between atmosphere and the earth’s surface, while the thin
black line around 25 m is used for showing the canopy top height. A representative ecosystem distribution and transport
mechanism is shown in the left side of the observation tower (blue vertical bar with air intakes at 1.5, 25 and 200 m
heights), and the model representation of CO2 transport in control (center; model before) and finer (right; model after)
vertical resolutions are depicted. It is noted that potential CO2 emission distribution due to soil respiration, heterotrophic
respiration and photosynthetic uptake below the canopy top are not represented even in the fine vertical model resolution.
3.6.2 Impact of increasing the model vertical levels
As a test case, six more levels have been inserted
between the η levels of 1.0 and 0.966 (two levels
between 1 and 0.993, three levels between 0.993
and 0.980, and one level between 0.980 and 0.966)
of the control model configuration. Now, the lowest
model level is located at 27 m from the earth’s sur-
face compared to 45 m in the control case. In the
increased vertical resolution case (figure 9a, d), the
model is able to create strong gradient between
the two lowermost levels 27 and 45 m (unlike the
YSU PBL scheme). The model also shows vertical
CO2 gradients close to the observed gradients for
the heights above 45 m with statistical signifi-
cance (always within ±1-σ of observed variations).
Slight underestimation of simulated CO2 verti-
cal gradient between 45 and 233 m compared to
that between 25 and 200 m for observation during
winter is likely to have caused by the lower emis-
sions, as suggested by the weaker simulated gradi-
ent between the two lowermost levels. The detailed
shape of CO2 vertical profile between 25 and 200 m
is also inconclusive without additional observation
levels. This clearly shows improved representation
of the tower levels in increased vertical resolution,
and particularly highlights the importance of low-
ering and closely spacing the lowermost levels of
the WRF-CO2 model.
Figure 9(b) (PM average) shows that the draw-
down of CO2 during daytime of summer season in
the lowermost region of observation is not as pro-
nounced in the model as the observations due to
high vertical mixing in the model or weaker terres-
trial biosphere uptake. On the other hand, model
and observation profiles match well during the
daytime of winter (figure 9e). The pronounced gra-
dients in observed profile during night-time are
captured well by the model in both the summer
and winter seasons (figure 9c and f).
4. Conclusions and outlook
Concentrations of atmospheric CO2 are simulated
using the Weather Research and Forecasting
(WRF-CO2) model developed at Jadavpur Uni-
versity, in collaboration with RIGC/JAMSTEC.
The center of model domain is set at the Kanto
plain in Japan, with 132×165 longitude-latitude
Srabanti Ballav et al.
grid points of 27 km spacing and 31 vertical levels
between the earth’s surface and 100 hPa height.
Performance of the WRF-CO2 model has been
evaluated using atmospheric CO2 and meteoro-
logical measurements at a tall tower in Tsukuba,
Japan, a semi-urban location. Tsukuba is also
located close to the mega-city Tokyo with intense
fossil fuel emissions. We find, transport variations
of fossil fuel emission signal play the most signif-
icant role along with the local biospheric sources
and sinks during the summer in simulating CO2
synoptic and diurnal cycle observed at both 25 and
200 m tower heights.
The vertical profile of CO2 concentration is
largely controlled by temperature profile, and
net uptake and release of CO2 during the day
and night, respectively. Regional model WRF-CO2
show significant success in simulation at the sur-
face level, but our analysis reveals limited ability
of the model transport in simulating the vertical
propagation of the CO2 flux signals between 25
and 200 m of the tower levels except during the
autumn season. This is noted from gradual fall in
diurnal cycle and normalized standard deviation of
the model simulation from 25 to 145 m and then, to
220 m height. Correlation coefficient shows a signif-
icant fall if 220 m of model simulation is compared
with 200 m observation height. The simulated
vertical gradient in CO2 concentration also falls
at the upper height in all seasons except during
autumn.
Mismatches between the simulation and obser-
vation resulted due to uncertainties in both model
transport and surface fluxes, and their represen-
tation errors due to coarse spatial and temporal
resolutions. Here, we have run two sets of case
studies, namely, the choice of planetary bound-
ary layer (PBL) parameterization scheme and by
increasing vertical levels within the PBL. We find
that the PBL scheme of Younsei University mixes
CO2 vertically more readily compared to that of
Mellor–Yamada–Janjic, used in our control simula-
tions. However, most dramatic improvement in the
WRF-CO2 simulated vertical gradient is achieved
when six vertical levels are inserted between levels
1–4 (η = 1 and η =0.966) of the control model con-
figuration. The cause of this improved vertical sim-
ulation is attributed to better representation of the
Tsukuba tower levels in the model. The CO2 gradi-
ent between two lowermost model levels at 27 and
45 m are found to be critical for simulating verti-
cal gradients between 25 and 200 m. Measurements
at more tower levels between 25 and 200 m are
required for diagnosing source of errors WRF-CO2
simulations.
We have not been able to conduct any sensi-
tivity test of CO2 simulations for uncertainties in
fluxes because of unavailability of the terrestrial
biospheric fluxes at finer resolution (presently at
1◦×1◦ latitude–longitude intervals). There are
also limitations on the distribution of the terres-
trial biospheric fluxes within the canopy. Presently,
the lowest level of WRF-CO2 simulation is 27 m,
which is typically at the top of the canopy, while
the tower measurements are made at 1.5, 25 m,
and above. Our sensitivity simulation at increased
vertical resolution revealed the importance of the
lowest two model levels for CO2 vertical gradi-
ents within the PBL. Since, vertical transport of
mass is deeply related with fluxes close to surface,
assigning terrestrial fluxes from the soil/root, stem
and leaf components at appropriate altitudes are
essential for further improving the forward model
simulations. A schematic diagram of present and
futuristic transport model simulation is shown in
figure 10. While the WRF-CO2 simulations
improved from the ‘before’ model to the ‘after’
model by increasing number of vertical levels from
31 to 37, it must be noted that presently no model
framework exists for accounting 3-dimensional
canopy structure and thus the distribution of CO2
sources and sinks, as well as their transport below
the canopy top.
The present work has large implication towards
the development of future chemistry-transport
models and inverse modelling of gases and aerosols.
It clearly indicates the necessity of a suitable
boundary layer process, increase of model verti-
cal resolution near the surface and to incorporate
a canopy model. Chemical tracer observation at
more levels close to the surface are also required
for validating model transport.
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